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(57) Abstract 

The present invention provides a system (10) for drilling bore- 
holes (26) having a downhole subassembly (59) which contains an 
acoustic measuremcnt-while-drilling system. The acoustic system 
contains an acoustic transmincr (Tl) and receiver (R) for deter- 
mining the acoustic velocity through the formations surrounding the 
borehole ad an acoustic transmitter (T2) and a set of receivers (Rl- 
Rn) for determining the bed boundaries surrounding the borehole 
formation utilizing the acoustic velocities measured by the system. 
The downhole subassembly (59) also contains a computing system 
(150) which pcrfonns computations downhole and transmits certain 
answers uphole during the drilling operations. The bed boundary 
infonnation is utilized to drill the wellbore along a desired wellborc 
path. The downhole computing system (150) correlates the acoustic 
sensor measurements with other mcasuremcnt-whilc-drilling mea- 
surements and transmits selected correlated information uphole. The 
downhole computing system (150) contains predetennined well pro- 
file which is updated based on the bed boundary information. The 
system may be adapted to conrcct or update seismic data and offset 
well data based on acoustic sensor system measurements. 
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A DRILLING SYSTEM WITH AN ACOUSTIC 
MEASUREMENT-WHILE-DRILLING SYSTEM FOR DETERMINING 
PARAMETERS OF INTEREST AND CONTROLLING THE 
DRILLING DIRECTION 

5 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates generally to systems for drilling boreholes for the 

1 0 production of hydrocartxDns and more particularly to a drilling system having an 
acoustic measurement-whiie-drilling ("MWD") system as part of a bottomhole 
assembly for measuring acoustic velocities of subsurface formations during 
drilling of the wellbores and determining the location of formation bed boundaries 
around the bottomhole assembly. This invention also relates to controlling the 

15 drilling direction or the wellbore trajectories based on the location of the bed 
boundaries. For the purposes of this invention, the term "bed boundary" is used 
to denote a bed boundary, a formation contrast, or a subsurface reflection point. 
This invention also provides a downhole system for correlating the acoustic 
measurements with other downhole sensor and MWD measurements and for 
20 mapping seismic data and/or modifying existing seismic data based on acoustic 
and other measurements made by the downhole assembly. 

2. Description of the Related Art 

To obtain hydrocarbons such as oil and gas, boreholes or wellbores are 
2 5 drilled through hydrocarbon-bearing subsurface formations. A large number of 
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the current drilling activity involves drilling "horizontal" boreholes. Advances in 
the MWD measurements and drill bit steering systems placed in the drill string 
enable drilling of the horizontal boreholes with enhanced efficiency and greater 
success. Recently, horizontal boreholes, extending several thousand meters 
5 ("extended reach" boreholes), have been drilled to access hydrocarbon reserves 
at resen/oir flanks and to develop satellite fields from existing offshore platfomis. 
Even more recently, attempts have been made to drill boreholes corresponding 
to three-dimensional borehole profiles. Such borehole profiles often include 
several builds and turns along the drill path. Such three dimensional borehole 
10 profiles allow hydrocarbon recovery from multiple formations and allow optimal 
placement of wellbores in geologically intricate formations. 

Hydrocarbon recovery can be maximized by drilling the horizontal and 
complex wellbores along optimal locations within the hydrocarbon-producing 

15 formations (payzones). Crucial to the success of these wellbores is (1) to 
establish reliable stratigraphic position control while landing the wellbore into the 
target formation and (2) to properly navigate the drill bit through the formation 
during drilling. In order to achieve such wellbore profiles, it is important to 
determine the true location of the drill bit relative to the formation bed boundaries 

20 and boundaries between the various fluids, such as the oil, gas and water. Lack 
of such information can lead to severe "dogleg" paths along the borehole 
resulting from hole or drill path corrections to find or to reenter the payzones. 

2 
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Such wellbore profiles usually limit the horizontal reach and the final wellbore 
length exposed to the reservoir. Optimization of the borehole location within the 
fomiation can also have a substantial impact on maximizing production rates and 
minimizing gas and water coning problems. Steering efficiency and geological 
5 positioning are considered in the industry among the greatest limitations of the 
current drilling systems for drilling horizontal and complex wellbores. Availability 
of relatively precise three-dimensional subsurface seismic maps, location of the 
drilling assembly relative to the bed boundaries of the formation around the 
drilling assembly can greatly enhance the chances of drilling boreholes for 
1 0 maximum recovery. Prior art downhole lack in providing such information during 
drilling of the boreholes. 

Modem directional drilling systems usually employ a drill string having a 
drill bit at the bottom that is rotated by a drill motor (commonly referred to as the 

15 "mud motor"). A plurality of sensors and MWD devices are placed in close 
proximity to the drill bit to measure certain drilling, borehole and formation 
evaluation parameters. Such parameters are then utilized to navigate the drill bit 
along a desired drill path. Typically, sensors for measuring downhole 
temperature and pressure, azimuth and inclination measuring devices and a 

2 0 formation resistivity measuring device are employed to determine the drill string 
and borehole-related parameters. The resistivity measurements are used to 
determine the presence of hydrocarbons against water around and/or a short 
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distance in front of tiie drill bit Resistivity measurements ar most commonly 
utilized to navigate or "geost er" the drill bit However, the depth of investigation 
of the resistivity devices usually extends to 2-3 meters. Resistivity 
measurements do not provide bed fc>oundary information relative to the downhole 
5 subassembly. Furthermore, error margin of the depth-nieasuring devices, 
usually deployed on the surface, is frequently greater than the depth of 
investigation of the resistivity devices. Thus, it is desirable to have a downhole 
system which can relatively accurately map the bed boundaries around the 
downhole subassembly so that the drill string may be steered to obtain optimal 
10 borehole trajectories. 

Thus, the relative position uncertainty of the wellbore being drilled and the 
critical near-wellbore t^ed boundary or contact is defined by the accuracy of the 
MWD directional survey tools and the formation dip unc^ainty. MWD tools are 

15 deployed to measure the earth's gravity and magnetic field to determine the 
inclination and azimuth. Knowledge of the course and position of the wellbore 
depends entirely on these two angles. Under normal operating conditions, the 
inclination measurement accuracy is approximately plus or minus 0.2 °. Such an 
error translates into a target location uncertainty of about 3.0 met«^ per 1000 

20 meters along the borehole. Additionally, dip rate variations of several degrees 
are common. The optimal placement of the borehole is thus very difficult to 
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obtain based on the cun-ently available MWD measurements, particularly in thin 
payzones, dipping formation and complex wellbore designs. 



Recently. PCT application No. PCT/NO/00183 filed by Statoil Corp. 
5 disclosed the use of acoustic sensors having a relatively short spacing between 
the receivers and the transmitter to determine the formation bed boundaries 
around the downhole subassembly. An essential element in determining the bed 
boundaries is the determination of the travel time of the reflection acoustic 
signals from the bed boundaries or other interface anomalies. This application 

1 0 proposes utilizing estimates of the acoustic velocities obtained from prior seismic 
data or offset wells. Such acoustic velocities are not very precise because they 
are estimates of actual formation acoustic velocities. Also, since the depth 
measurements can be off by several meters from the true depth of the downhole 
subassembly, it is highly desirable to utilize actual acoustic fomiation velocities 

1 5 determined downhole during the drilling operations to determine the location of 
bed boundaries relative to the drill bit location in the wellbore. 

Additionally, for acoustic or sonic sensor measurements, the most 
significant noise source is due to acoustic signals traveling from the source to the 
20 receivers via the metallic tool housing (commonly referred to as the "body 
waves") and the mud column surrounding the downhole subassembly (commonly 
refen-ed to as the "tube waves"). The Statoil application discloses acoustic 
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sensor designs to achieve a certain amount of directivity of signals. It also 
discloses a transmitter coupling scheme and signal processing method for 
reducing the effects of the tube wave and the body waves. Such methods, 
however, alone do not provide sufficient reduction of the tube and body wave 
5 effects, especially due to strong direct coupling of the acoustic signals between 
the transmitters and their associated receivers. 



The present Invention addresses the above-noted needs and provides a 
system for drilling boreholes wherein the bottomhole subassembly includes an 

1 0 acoustic MWD system having one acoustic sensor arrangement that is utilized to 
determine the acoustic velocities of the borehole formations during drilling and 
another acoustic sensor arrangement for determining bed boundary information 
based on the formation acoustic velocities measured downhole. Novel acoustic 
sensor anangements are disclosed for relatively precisely determining the bed 

15 boundary infomnation. Acoustic isolators between the transmitters and their 
associated receivers are provided to reduce the t^ody wave and tube wave 
effects. Any rvjmber of additional MWD devices or sensors may be included in 
the bottomhole assembly to obtain additional information atx>ut the borehole and 
the surrounding fomfiations. A steering device or system is included in the 

20 bottomhole assembly which can be operated downhole and/or from the surface 
to steer the drill bit to drill the wellbore along the desired path. 
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The system of the present invention cx)rrelates measurements from the 
various MWD devices and sensors to provide parameters of interest relating to 
the drilling operations and formation evaluation. The bed boundary information 
may be utilized to map the borehole profile, to update or modify seismic data 
5 stored in the downhole subassembly and to steer the drill bit so as to obtain the 
desired borehole profile. The bed boundary and other information computed 
downhole may be stored downhole for later retrieval and use. Additionally, 
selected parameters of interest and other information are transmitted to the 
surface duhng the drilling operations to aid the driller in controlling the drilling 
1 0 operations including accurately geosteering the drill string. 

SUMMARY OF THE INVENTION 

The present invention provides a closed-loop system for drilling 
1 5 boreholes. The system includes a drill string having a drill bit and a downhole 
subassembly having a plurality of sensors and measurement-while-drilling 
devices, a downhole computing system and a two-way telemetry system for 
computing downhole bed boundary information relative to the downhole 
subassembly. The downhole subassembly includes an acoustic MWD system 
2 0 which contains a first set of acoustic sensors for determining the formation 
acoustic velocities during drilling of the wellbore and a second set of acoustic 
sensors that utilizes the acoustic velocities measured by the system for 
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determining bed boundaries around ttie downhole subassembly. A computing 
system is provided within the downhole sut>assembly which processes downhole 
sensor information and computes the various parameters of interest including the 
bed boundaries, during drilling of the wellbore. 

5 

In one embodiment, the first and second sets (arrangements) of acoustic 
sensors contain a transmitter and a receiver array, wherein the transmitter and 
some of the receivers in the receiver array are common to both sets of acoustic 
sensors. Each receiver in the receiver array further may contain one or more 

10 individual acoustic sensors. In one configuration, the distance between the 
transmitter and the farthest receiver in one of the acoustic sensor sets is 
substantially greater than the distance between the transmitter and center of the 
receivers in the second set. The downhole computing system contains 
programmed instructions, models, algorithms aruJ other information, including 

15 information from prior drilled boreholes, geological Information about the 
subsurface formations and the borehole drill path. 

In an alternative embodiment, the acoustic system contains a common 
transmitter and identical acoustic receiver arrays placed symmetrically on either 
20 side of the transmitter axially along the downhole subassembly. In one 
configuration of such embodiment, a separate stabilizer is placed equidistant 
between the transmitter and each of the receiver arrays to cause substantially 

8 
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the same amount of reflections of the transmitted acoustic signals. The 
symmetrical arrangement aids in substantially reducing the effects of the body 
wave acoustic noise, tube wave acoustic noise associated with the acoustic 
system and other acoustic waves (compressional waves, shear waves, etc.) 
5 propagating along the borehole. Additionally, acoustic isolators may be placed 
between the transmitter and each of the receiver arrays to dampen the direct 
acoustic signals between the transmitter and receives and to increase the travel 
time therebetween so as to reduce the effect of body waves and tube waves on 
the receivers. 

10 

The acoustic system of the present invention determines the actual 
formation velocities downhole during drilling of the welibore ad then utilizes such 
formation velocities to determine the bed boundaries around the downhole 
subassembly. The drill bit location is computed downhole or is provided to the 
15 downhole subassembly from surface measurements. The bed boundary 
information is utilized to geosteer the drill string so as to maintain the borehole at 
a desired place within the formation. The acoustic velocity and bed boundary 
information is utilized to correct or update seismic maps and to correlate 
measurements from other MWD measurements. 

20 

The present invention also provides a method for drilling a borehole 
utilizing a downhole subassembly having a first and second acoustic sensor 
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arrangement and a ccnnputing system for cc^puting measurements downhole 
during the drilling of the borehole. The method comprises: (a) conveying the 
downhole subassembly along the welibore; (b) detemiining downhole, by the 
computing system, the velocity of acoustic signals through formations near the 
5 downhole subassembly from measurements made from the first acoustic sensor 
arrangement; and (c) determining downhole, by the computing system, bed 
boundaries of the formations from measurements from the second acoustic 
sensor arrangement and the determined acoustic velocities in accordance with 
programmed instructions provided to the computing system. The drilling 
1 0 direction is adjusted based on the location of the downhole assembly in relation 
to the formation bed boundaries. 

Examples of the more important features of the invention thus have been 
summarized rather broadly in order that the detailed description thereof that 
15 follows may be better understood, and in order that the contributions to the art 
may be appreciated. There are, of course, additional features of the invention 
that will be described hereinafter and which will form the subject of the claims 
appended hereto. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For detailed understanding of the present invention, references should be 
made to the following detailed description of the preferred embodiment, taken in 
5 conjunction with the accompanying drawings, in which like elements have been 
given like numerals and wherein: 

FIG- 1 shows a schematic diagram of a drilling system having a drill string 
that includes an acoustic sensor system according to the present invention. 

10 

FIG. 2 shows a functional block diagram of the major downhole elements 
of the system shown in FIG. 1 

FIG. 3a shows an embodiment of the acoustic sensor system for use in 
1 5 the system of the present invention. 

FIG. 3b shows an alternative embodiment of the acoustic sensor system 
for use in the system of the present invention. 

2 0 FIG. 4 shows an acoustic sensor system arrangement placed between 

the mud motor and the drill bit for use in the system of FIG. 1 . 
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RG. 5a Shows a schematic dia^m of an application of the acoustic 
system configuration of FIG. 4 in a fomiation having a relatively smalt dip angle. 



RG. 5b shows graphically the common mode deterministic noise 
5 reduction for the acoustic sensor configuration shown in FIG. 5a. 

FIG. 6 shows a functional block diagram for canceling the background 
noise in the configuration of the acoustic sensor system shown in FIG. 5a. 

1 0 FIG. 7 is a schematic diagram of a drilling assembly having an acoustic 

MWD system in which the drill bit may be utilized as an acoustic transmitter. 

RG. 8 is a functional block diagram of a signal processing circuit for 
processing acoustic data from the acoustic systems of the present invention. 

15 

FIG. 9 is a schematic diagram showing subsurface formations along the 
weilbore being drilled having the acoustic system of the present for measuring 
the acoustic velocities of sudi formations during drilling of the weilbore. 

20 FIG. 10 is an example of a sonic log that can be produced during drilling 

of the borehole by the acoustic sensor system of the present invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

In general, the present invention provides a drilling system for drilling of 
boreholes. The drilling system contains a drill string having a downhoie 
5 subassembly that includes a drill bit at its lx)ttom end and a plurality of sensors 
and MWD devices, including an acoustic MWD system having a first set of 
acoustic sensors for determining the formation acoustic velocity vAr\\\e drilling the 
borehole and a second set of acoustic sensors for determining the bed 
boundaries by utilizing the acoustic velocity measurements made by the first set 
10 of acoustic sensors. A doNA^hole computer and associated memory are provided 
for computing various downhoie operating parameters, to map the formation 
around the downhoie subassembly, to update stored models and data as a result 
of the computed parameters and to aid the driller in navigating the drill string 
along a desired wellbore profile. 

15 

The system of the invention also preferably includes devices for 
determining the formation resistivity, gamma ray intensity of the fomiation, the 
drill string inclination and the drill string azimuth, nuclear porosity of the formation 
and the formation density. The drill string may contain other MWD devices 
20 known in the art for providing information about the subsurface geology, borehole 
conditions and mud motor operating parameters, such as the differentia! 
pressure across the mud motor, torque and the condition of the bearing 
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assembly. Selected data Is transmitted between the downhole subassembly and 
surface computing apparatus via a two^ay telemetry system. The surface 
computing apparatus transmits signals to the downhole subassembly for 
controlling certain desired operations and also for processing the received data 
5 according to programmed instruction to improve the drilling operations. 



RG. 1 shows a schematic diagram of a drilling system 10 having a 
downhole assembly containing an acoustic sensor system and the surface 
devices according to one embodiment of present invention. As shown, the 

10 system 10 includes a conventional derrick 11 erected on a derrick floor 12 which 
supports a rotary table 14 that is rotated by a prime mover (not shown) at a 
desired rotational speed. A drill string 20 that includes a drill pipe section 22 
extends downward from the rotary table 14 into a borehole 26. A drill bit 50 
attached to the drill string downhole end disintegrates the geological formations 

15 when it is rotated. The drill string 20 is coupled to a drawworks 30 via a kelly joint 
21, swivel 28 and line 29 through a system of pulleys 27. During the drilling 
operations, the drawworics 30 is operated to control the weight on bit and the rate 
of penetration of the drill string 20 into the borehole 26. The operation of the 
drawwori<s is well known in the art and is thus not described in detail herein. 

20 

During drilling operations a suitable drilling fluid (commonly referred to in 
the art as "mud") 31 from a mud pit 32 is circulated under pressure through the 
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drill string 20 by a mud pump 34. The drilling fluid 31 passes from the mud pump 
34 into the drill string 20 via a desurger 36, fluid line 38 and the kelly joint 21. 
The drilling fluid is discharged at the borehole bottom 51 through an opening in 
the drill bit 50. The drilling fluid circulates uphole through the annular space 27 
5 between the drill string 20 and the borehole 26 and is discharged into the mud pit 
32 via a return line 35. Preferably, a variety of sensors (not shown) are 
appropriately deployed on the surface according to known methods in the art to 
provide information about various drilling-related parameters, such as fluid flow 
rate, weight on bit, hook load, etc. 

0 

A surface control unit 40 receives signals from the downhole sensors and 
devices via a sensor 43 placed in the fluid line 38 and processes such signals 
according to programmed instructions provided to the surface control unit. The 
surface control unit displays desired drilling parameters and other information on 

5 a display/monitor 42 which information is utilized by an operator to control the 
drilling operations. The surface control unit 40 contains a computer, memory for 
storing data, data recorder and other peripherals. The surface control unit 40 
also includes models and processes data according to programmed instructions 
and responds to user commands entered through a suitable means, such as a 

0 keyboard. The control unit 40 is preferably adapted to activate alarms 44 when 
certain unsafe or undesirable operating conditions occur. 
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A drill motor or mud motor 55 coupled to the drill bit 50 via a drive shaft 
(not shown) disposed in a bearing assembly 57 rotates the drill bit 50 when the 
drilling fluid 31 is passed through the mud motor 55 under pressure. The fc>earing 
assembly 57 supports the radial and axial forces of the drill bit. the downthrust of 
5 the drill motor and the reactive upward loading from the applied weight on bit. A 
stabilizer 58 coupled to the bearing assembly 57 acts as a centratizer for the 
lowermost portion of the mud motor assembly. 



In the prefen-ed embodiment of the system of present invention, the 
10 downhole subassembly 59 (also referred to as the t)Ottomhole assembly or 
"BHA") which contains the various sensors and MWD devices to provide 
information about tfie formation and downhole drilling parameters and the mud 
motor, is coupled between the drill bit 50 and the drill pipe 22. The downhole 
assembly 59 preferably is modular in construction, in that the various devices are 
15 interconnected sections so that the individual sections may be replaced when 
desired. 



Still referring back to FIG. 1, the BHA also preferably contains sensors 
and devices in addition to the above-described sensors. Such devices include a 
2 0 device for measuring the formation resistivity near and/or in front of the drill bit, a 
gamma ray device for measuring the formation gamma ray intensity and devices 
for determining the inclination and azimuth of the drill string. The formation 
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resistivity measuring device B4 is preferably coupled above the lower kick-off 
subassembly 62 that provides signals, from which resistivity of the formation near 
or in front of the drill bit 50 is determined. One resistivity measuring device is 
described in U.S. Patent No. 5,001,675, which is assigned to the assignee hereof 
5 and is incorporated herein by reference. This patent describes a dual 
propagation resistivity device ("DPR") having one or more pairs of transmitting 
antennae 66a and 66b spaced from one or more pairs of receiving antennae 68a 
and 68b. Magnetic dipoles are employed which operate in the medium 
frequency and lower high frequency spectrum. In operation, the transmitted 

10 electromagnetic waves are perturbed as they propagate through the formation 
surrounding the resistivity device 64. The receiving antennae 68a and 68b 
detect the perturbed waves. Formation resistivity is derived from the phase and 
amplitude of the detected signals. The detected signals are processed by a 
downhole circuit that is preferably placed in a housing 70 above the mud motor 

15 55 and transmitted to the surface control unit 40 using a suitable telemetry 
system 72. 

The inclinometer 74 and gamma ray device 76 are suitably placed along 
the resistivity measuring device 64 for respectively detemiining the inclination of 
20 the portion of the drill string near the drill bit 50 and the formation gamma ray 
intensity. Any suitable inclinometer and gamma ray device, however, may be 
utilized for the purposes of this invention. In addition, an azimuth device (not 
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Shown), such as a magnetometer or a gyroscopic device, may be utilized to 
determine the drill string azimutfi. Such devices are krKJwn in the art and are, 
thus, not described in detail herein. In the above-described configuration, the 
mud motor 55 transfers power to the drill bit 50 via one or more hollow shafts that 
5 run through the resistivity measuring device 64. The hollow shaft enables the 
drilling fluid to pass from the mud motor 55 to the drill bit 50. In an alternate 
embodiment of the drill string 20, the mud motor 55 may be coupled tjelow 
resistivity measuring device 64 or at any other suitable place. 

10 U.S Patent No. 5,325,714 to Lende, assigned to the assignee hereof, 

which is incorporated herein by reference, discloses placement of a resistivity 
device between the drill bit and the mud motor. The above described resistivity 
device, gamma ray device and the indinometer are preferably placed in a 
common housing that may be coupled to the rruator in the manner descrit>ed In 

15 U.S. Patent No. 5, 325,714. Additionally, U.S. Patent Application Serial No. 
08/212,230, assigned to the assignee hereof, which is incorporated herein by 
reference, discloses a modular system wherein the drill string contains modular 
assemblies including a modular sensor assembly, motor assembly and kick-off 
subs. The modular sensor assembly Is disposed between the drill bit and the 

20 mud motor as desaibed herein above. The present invention preferably utilizes 
the modular system as disclosed in U.S. Serial No. 08/212,230. 
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The downhole assembly of the present invention preferably includes a 
MWD section 78 which contains a nuclear formation porosity measuring device, 
a nuclear density device and an acoustic sensor system placed above the mud 
motor 64 in the housing 78 for providing infomiation useful for evaluating and 
5 testing subsurface formations along borehole 26. The preferred configurations of 
the acoustic sensor system are described later with reference to FIGS. Za, 3b 
and 5a. The present invention may utilize any of the known formation density 
devices. United States Patent No. 5,134,285, which is assigned to the assignee 
hereof and which is incorporated herein by reference, discloses a formation 
1 0 density device that employs a gamma ray source and a detector which may be 
utilized in the system of the present invention. In use. gamma rays emitted from 
the source enter the formation where they interact with the formation and 
attenuate. The attenuation of the gamma rays is measured by a suitable detector 
from which density of the formation is determined. 

15 

The porosity measurement device preferably is the device generally 
disclosed in United States Patent No. 5,144.126, which is assigned to the 
assignee hereof and which is incorporated herein by reference. This device 
employs a neutron emission source and a detector for measuring the resulting 
20 gamma rays. In use, high energy neutrons are emitted into the surrounding 
formation. A suitable detector measures the neutron energy delay due to 
interaction with hydrogen and atoms present in the formation. Other examples of 
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nudear logging devices are disclosed in Uiiited States Patent Nos. 5.126,564 
and 5.083.124. 



The above-noted devices transmit data to the downhole telemetry system 
5 72. which In turn transmits the received data uphole to the surface control unit 
40. The downhole telemetry also receives signals and data from the uphole 
control unit 40 and transmits such received signals and data to the appropriate 
downhole devices. The present invention preferably utilizes a mud pulse 
telemetry technique to communicate data from downhole sensors and devices 

10 during drilling operations. A transducer 43 placed in the mud supply line 38 
detects the mud pulses responsive to the data transmitted by the downhole 
telemetry 72. Transducer 43 generates elecfrical signals in response to the mud 
pressure variations and transmits such signals via a conductor 45 to the surface 
control unit 40. Other telerrotry techniques such electromagnetic and acoustic 

15 techniques or any other suitable technique may be utilized for the purposes of 
this invention. 

FIG. 2 shows a functional block diagram of the major elements of the 
downhole subassembly 59 and fijriher Illustrates the data coirununication paths 
20 between the various system elements. It should be noted that RG. 2 illustrates 
only one arrangement of the elements and a system of data communication 
therebetween. Other arrangements may be utilized equally effectively for the 

20 
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purpose of this invention. For convenience, the sensors for determining the 
downhole operating conditions and the downhole assembly health are denoted 
by Si - Sj, the acoustic sensor system is denoted by numeral 160 while the 
remaining downhole MWD devices, such as the nuclear, electromagnetic, 
5 directional and the like, are denoted by di - d^. The sensors Si-Sj, MWD 
devices di-d„, and the desired acoustic sensor system 160 are arranged within 
the downhole subassembly in a desired manner. During operation, a 
predetermined number of discrete data points output from the sensors and MWD 
devices are stored within a buffer which, in FIG* 2. is included as a partitioned 
10 portion of the memory capacity of the computer 150. Alternatively, the buffer 
storage can comprise a separate element (not shown). 

Sensor response relationships or "models" for the acoustic sensor system 
and other sensors in the downhole subassembly are preferably stored in a 

1 5 memory 148. These models are determined mathematically and/or by measuring 
responses of the sensors in a known test formations. In addition, other reference 
data such as data defining the targeted fomiations to be drilled, seismic data, 
offset well data is preferably stored downhole in the memory 148. A two-way 
data and command signal communications are provided between the computer 

20 150 and the memory 148. The responses from the sensors Si-Sj, di-d„, and 160 
are transmitted to the computer 150 wherein they are transformed into 
parameters of interest or answers as described later. The downhole electronics 



21 



wo 97/27502 PCT/US97/01235 

for processing signals downhole and to perform other computations includes the 
computer or controller 150, memory 145 and 146, and other desired 
components, such as signals processors, amplifiers, etc. (rrat shown). For 
simplicity, the use of such components is known and are thus, not included in 
5 FIG. 2. 

Still referring to RG. 2, the parameters of interest are transmitted to the 
surface via the up-link telemetry path 127 or stored in the memory 146 for 
subsequent retrieval at the surface. Since the acoustic sensor system 160 and 

10 other sensors 152 and di-dm are placed axially along the downhole 
subassembly, their responses do not correspond to the same measure point 
within the borehole 26 (see FIG. 1). Prior to combining or con-elating the data 
from different sensors, the computer 150 shifts the data to a common depth point 
Also, the various devices di-d™ do not necessarily exhibit the same vertical 

15 resolution. Therefore, vertical resolution matching is performed by the computer 
150 t>efore combining or correlating measurements from different sensors. 

Once computed from the depth-shifted and resolution-matched data, the 
parameters of interest are then passed to the downhole portion of the telemetry 
20 system 142 and subsequently telemetered to the surface by a suitable up-link 
telemetry means illustrated conceptually by the broken line 127. The power 
source 144 supplies power to the telemetry element 142, computer 150, 
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memories 146 and 148 and associated control circuits (not shown). Information 
from the surface is transmitted over the downlink telemetry path illustrated 
conceptually by the broken arrow 129 to the downhole receiving element of the 
downhole telemetry unit 142, and then transmitted to the data storage unit 148 
5 for subsequent use. 



FIG, 3a is a schematic diagram of a portion 200 of the downhole 
subassembly showing an embodiment of the acoustic system of the present 
invention placed in the MWD section 78 shown in FIG. 1. The subsystem of FIG. 

10 3a is preferably placed between the mud motor 55 and the downhole telemetry 
section 72. The subsystem 200 contains a nuclear density device 202 and a 
nuclear porosity device 204 of the type described earlier, separated by an 
acoustic isolator section 206. The density device 202 and the porosity device 
204 may be enclosed in a common housing 208 or formed as individual sections 

15 or modules. A first acoustic transmitter or a set of transmitters Ti is placed 
between the density device 202 and the first isolator 206. A second acoustic 
transmitter or set of transmitters T2 is placed past the porosity device and a 
second acoustic isolator 210. A plurality of acoustic receivers R1 - Rn are 
placed axially spaced from each other between the transmitters Ti and T2. The 

20 distance dj between the transmitter Ti and the center of the far receiver of the 
array 212 is preferably less than four and one half (4.5) meters while the distance 
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di between transmitter T2 and the near receiver of the array 212 is no less than 
ten (10) centimeters. 



Each of the transmitters and ttie receivers are coupled to electronic 
5 circuitry (not shown) which causes the acoustic transmitters to generate acoustic 
pulses at predetermined time intervals and the receivers to receive any reflected 
acoustic signals from the borehole formations. In one mode of operation, the 
acoustic system for determining the formation acoustic velocities is selectively 
artivated when drilling and the acoustic system for determining the bed boundary 
10 information is activated when ttie drilling activity is stopped so as to substantially 
reduce acoustic noise generated by the drill bit. In an alternative mode of 
operation, both the velocity and bed boundary measurements may be wtiile the 
drilling is in progress. Ottier suitable modes of operation may also be utilized in 
the system of the present invention. 

15 

In the present system, an array of two or more receivers is preferred over 
a smaller number of receivers to obtain more accurate acoustic measurements, 
it is known that the quality of acoustic measurements may be enhanced by 
utilizing receiver arrays having a large number of receivers. In operation, the 
20 transmitters are preferably energized several times over a known time period and 
the received signals are stacked to improve resolution. Such data processing 
techniques are known In the art and are thus not described in detail herein. The 
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transmitter Ti is preferably operated at a preselected frequency between 5 to 20 
KHz while the transmitter T2 is operated at a frequency between 100 Hz to 5 
KHz. The downhole computer 150 determines the time of travel of the acoustic 
signals and thus the velocity of the acoustic signals through the fomnation by 

5 processing signals from the first transmitter TI and the receivers 212 by utilizing 
any of the methods known in the art. The computer then determines the distance 
between a measure point in the subassembly 200 and the bed boundaries 
around the downhole subassembly from data received by the receivers in 
response to the signals transmitted by the transmitter T2 and by utilizing the 

0 actual acoustic velocity measurements determined by the computer. 

As noted previously, the distance d2 is preferably less than 4.5 meters, 
which has been determined in the art to be sufficient for determining the acoustic 
velocities through the formations sun^ounding the transmitter and receiver array. 

5 However, large distance between the transmitter and receiver is detrimental in 
that the tube waves and body waves may constitute dominant signals received 
by the receivers, which are then filtered or removed by mathematical techniques 
known in the art, prior to processing the signals reflected from the bed 
boundaries. In order to reduce the effects of the body waves, acoustic isolators 

0 206 and 208 are respectively placed between the transmitters Ti and T2 and the 
receivers. A portion of the isolator preferably extends beyond the housing 211, 
i.e., into the annulus between the borehole and the downhole subassembly so as 
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to dampen or reduce the direct coupling effect of the tube waves. The 
transmitters may be operated by sweeping the frequencies within their respective 
ranges or may be operated at different discrete multiple frequencies to remove 
the noise and to thereby improve the signal quality. The downhole computer 150 
5 may be programmed to operate the acoustic sensor systems at the desired 
frequencies and the desired time inten^als. The frequency used typically 
depends upon the depth of investigation and resolution desired for a particular 
application. 



1 0 The acoustic system embodiment of RG. 3a shows two transmitter and a 

single receiver array. Some or alt of the receivers in the array may be utilized as 
the short-spaced receivers and similarly some or all receivers in the an^y may be 
utilized as the iong-spaced receivers. The acoustic elements in the present 
invention may be oonfigured to contain a single transmitter and a short- spaced 

1 5 receiver or receiver an^y and a long-spaced receiver or receiver array as shown 
in FIG 3b. In such a configuration, the single transmitter T is preferably placed at 
one end of the subassembly and a near receiver array (Rmv) 220 having 
receivers Ri-Rm is placed at a distance di and a far receiver array (R^) 222 
having receivers R'i-R'b is placed at a distance di from the transmitter T. The 

2 0 acoustic isolator 222 in this configuration is placed between the transmitter T and 
the long-spaced receiver array 222. The single transmitter T may be operated 
during one time interval at a first frequency or set of frequendes for the short- 
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spaced receivers 220 and operated in a second time interval at a second 
frequency or set of frequencies for the long-spaced receivers 222. In the 
configurations shown in FIG. 3a-b, all of the acoustic sensors are placed above 
the mud motor 55. Mematively, some of the receivers may be placed above the 
5 mud motor and the others below the mud motor. 

FIG. 4 shows an alternative embodiment of the downhole subassembly 
containing the acoustic system. In this configuration, the acoustic sensors 
(transmitters and receivers) are placed between the drill bit 50 and the mud 

10 motor power section 55 section. The lower stabilizer 58a and upper stabilizer 
58b are utilized as acoustic noise isolators. The acoustic sensors are preferably 
disposed in the housing which contains the resistivity measuring device, the 
gamma ray density device and the inclinometer, collectively denoted by numeral 
80. The remaining elements of the downhole subassembly are contained in the 

1 5 section denoted by numeral 82. The acoustic receivers Ri and R2 are preferably 
arranged symmetrically about the transmitter T so as to cancel the direct 
coupling acoustic noise during processing of the received reflected signals, as 
more fully described below in reference to FIGS. 5a-5c. 

2 0 FIG. 5a shows the acoustic sensor system having two receivers or arrays 

of receivers RI and R2 placed symmetrically about a transmitter between two 
substantially identical stabilizers 260 and 262 placed on either side of the 
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transmitter T. In such a configuration, alt deterministic signals relating to the 
acoustic transmitter (drill string body signals, acoustic pressure wave or the "P' 
signals, acoustic shear wave or the "S" signals, tiAye waves and the reflections 
caused by the stabilizers) arrive at each pair of the symmetrically placed 
5 receivers at the same time vtnth identical amplitudes as shown by amplitude 
versus time reflection waves shown in FIG. 5b. Signals received by each of the 
receivers of the receiver arrays Ri and Rj are labeled n to r„. As shown in FIG. 
5b, the receivers RI and R2 each receive the Identical signals at the same time. 
The signals received by each receiver pair are subtracted from each other to 

1 0 determine the differential for the corresponding pair of receivers. In this manner, 
the common noise signals cancel out leaving the informative or useful reflection 
signals as the differential signals except in certain unique situation, such as when 
the acoustic sensor array is exactly parallel to the reflecting bed boundary. In 
such situations, the system may be adapted to process signals from each 

15 receiver or receiver arrays independently to determine the bed lx>undary 
conditions. As shown in FIG. 5a, the informative signals re that correspond to the 
reflections from the bed boundary 264 do not cancel out because they arrive at 
the receivers R, and R2 at different times. Even when the reflected signals arrive 
from a bed boundary that is parallel to the acoustic anray, the presence of zero 

20 sensor signal indicates that the bed boundary is parallel to acoustic array, in 
whidi case the signal processing may be done by utilizing conventional non- 
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symmetrical processing techniques. It should be noted that each receiver in any 
of the embodiments may contain one or more acoustic sensors. 



Still referring to FIG. 5a, the acoustic system may include one or more 
5 acoustic isolators such as isolators 270a and 270b respectively placed between 
the transmitter and the receiver arrays R1 and R2 to reduce the effect of the body 
waves and tube waves between the transmitter and the receivers. A portion of 
the these isolators preferably extends a certain distance beyond the housing 272 
so as to reduce the effect of the tube waves. These isolators may be partially 
1 0 embedded in the housing 272 and may be made from any desired material or 
combination of materials. As an example, the body wave isolation portion may 
be made from a suitable elastomeric material while the tube wave portion of the 
isolator may be made from a suitable metal. 

15 As descrit>ed earlier, the system may be adapted to utilize multi-frequency 

acoustic pulses. In some cases, the sequential use of different excitation 
frequencies for the short-spaced receivers can be successfully used for 
calculating the distance between downhole subassembly and the bed boundary. 
This is due to the fact that for various formation properties (porosity. 

20 permeability, pore sizes, lithology, etc.) the quality of the acoustic wave 
propagation through the medium could be different for different frequencies. In 
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such cases, multi-^quency investigation VMth a correlation analysis may be 
utilized to obtain more accurate interpretation of the results. 



Any suitable transmitter and receiver design may be utilized in the system 
5 of the present invention. United States Patent Application Serial No. 08/371 ,879 
of James V. Leggett III. which is incorporated herein by reference, discloses 
segmented acoustic sensors and the methods of utilizing such sensors that may 
be utilized in the system of the present invention. Ottier acoustic sensors, such 
as disclosed in the Statoil PCT application, which is incorporated herein by 
1 0 reference, may also be utilized in the system of this invention. 

Any known signal processing method may be utilized for processing the 
acoustic signals in this invention. The processing techniques are substantially 
similar to the well known seismic signals processing techniques, particularly the 

15 single well seismic techniques. Such techniques include making preliminary 
corrections (static and dynamic), building stacked data sets, convolution and 
time-varying Weiner methods and other shaping filtering techniques and seismic 
filtering techniques, such as casual feedforward filtering, casual feedback 
filtering, minimum delay, and least square wavelet filtering, etc. The system 

2 0 preferably utilizes noise cancellation and sensitive echo detection methods for 
improving the quality of the acoustic signals. Such methods are typically based 
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on known signal processing techniques, such as the complex transfer function 
calculation, spectral and Cepstrum analysis, Hilbert transform, etc. 



The system of the present invention preferably utilizes a technique for 
5 canceling the background noise that is not related to the acoustic source in the 
system. Such noise includes natural acoustic noise of the earth and random 
noise from the various sources around the wellbore. such as noise generated by 
vehicles and other surface drilling activities. FIG. 6 shows a functional block 
diagram of a preferred background cancellation method. This method assumes 
10 that the statistical parameters of the background noise remain the same during 
the period of downhole measurements, i.e., the noise remains stationary. Just 
before firing or activating the acoustic transmitter in the system, the system is 
programmed to record and memorize the background noise pattenn in an 
associated memory as shown by block 302. Then during the investigation of the 
1 5 bed boundaries, the recorded noise pattern is correlated with the signals (signal+ 
noise) 301 received by the acoustic receivers of the system by calculating a 
transfer function by a transfer function calculation unit as shown in block 304. If 
a component of the received signals is strongly correlated with the noise pattern, 
such a component is removed from the received signals with a correcting scale 
2 0 coefficient k, block 305. The coefficient k is estimated based on the level of 
coherence between the received signal and the recorded noise. The signal from 
the transfer function calculation unit 304 is passed to a coherence level 
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acceptance unit 306. The noise signal portion based on the coefficient k Is 
removed from the output signal of the coherence level acceptance unit 306 as 
shown by subtracter block 308 to obtain a noise cleaned signal 310. 



5 The present invention preferably utilizes the Cepstrum and Wavelet 

technique to detect small amplitude informative reflections combined with other 
non-informative reflections, such as reflections coming from the stabilizers, and 
having the same fi-equency content. Such informative signals are detected by 
utilizing a few time-to-frequency and reverse conversions along with logarithmic 
1 0 treatment for separating multiplicative components. 

FIG. 7 is a schematic diagram of a drilling assembly 400 disposed in a 
formation 405. The drilling assembly 400 includes a drill bit 412 at an end of the 
drilling assembly 400 and an acoustic MWD tool 410. The acoustic system 410 

15 includes a housing or body 414. The acoustic tool 410 contains two spaced- 
apart transmitters Ti and Ta. preferably disposed in the body 414. A pair of 
receivers Ri and R2 are disposed on either side of the transmitter TI. In the 
configuration shown in FIG. 7, the receiver Ri is shown disposed downhole of the 
transmitter Ti and the receiver R2 is shown disposed uphole of the transmitter Ti. 

20 The receiver Ri is shown to contain a plurality of individual acoustic sensors Ri'- 
Rr* circumferenlially disposed around the tool 410. The receiver Rj is shown to 
contain an an^y spaced-apart receivers R2a-R2n, each such receiver having a 
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plurality of individual acoustic sensors circumferentially disposed around the tool 
body 414. The acoustic sensor arrangement of transmitter Ti and receivers Ri 
and R2 combines certain functional characteristics of the arrangements described 
in reference to FIGS. 3a, 3b and 5a. The receiver Ri and the receiver R2J of 
5 receiver R2 are symmetrically disposed about the transmitter Ti, i.e, equidistant 
(di) from the transmitter Ti. The receivers R2a-R2n in the anray R2 are preferably 
equispaced for ease of offsetting signals during processing of signals from such 
receivers. 

10 The transmitter Ti and receivers Ri and R2a are utilized to measure the 

travel time of acoustic signal transmitted by transmitter Ti and detected by 
receivers Ri and R2a in the manner desaibed earlier with respect to the 
symmetric arrangement shown in FIGS- 4, 5a and 5b. The transmitter T1 and 
the receivers R2a-R2n are utilized to determine acoustic velocity of the formation 

15 being drilled in the manner described earlier with respect to transmitter T2 and 
receiver 212 of FIG. 3a. 

Still referring to FIG. 7, a second transmitter T2 is shown disposed uphole 
of the receiver R2 and a third receiver R3 disposed uphole of the transmitter T2. 
20 The receiver R3 and one of the receivers in the array R2 are symmetrically 
disposed about the transmitter T3 at a distance d2. FIG. 7 is shown with receivers 
R3 and R2n symmetrically disposed about the transmitter T2. The acoustic sensor 
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arrangement containing the transmitter Ta and the receivers Rs and Ran form a 
second symmetrical arrangement similar to the first symmetrical arrangement of 
transmitter Ti and receivers Ri and Rz,, but spaced apart by a predetermined 
distance da. The second symmetrical sensor arrangement is utilized to 
5 determine the bed boundary distance d^ in the same manner as the distance dbt 
is determined by the first symmetrical sensor arrangement The distance or 
equivalently the acoustic travel times are then utilized to calculate the formation 
dip, which is typically defined by the angle alpha, by any of the methods well 
known in the art. 

10 

During drilling of the wellbore. the drill bit 412 produces acoustic energy, 
which is transmitted into the formation 405. Therefore, the drill bit can be utilized 
as a transmitter of acoustic energy to determine a parameter of interest during 
drilling. However, the acoustic energy transmitted by the drill bit does not 

15 produce a controlled and repeatable wave signature like the ones produced by 
commonly used transmitters in downhole acoustic tools. To compensate for 
such a deficiency, an acoustic receiver 416 is placed near the drill bit 412 to 
provide signals corresponding to the acoustic energy produced by the drill bit 
412. from which the signature of the acoustic energy transmitted by the drill bit is 

20 determined by the processing or control circuit (see FIG. 1) by any known 
method. During drilling, the processing in the tool 400 determines and stores the 
signature of the acoustic energy transmitted by the drill bit 412 in an associated 
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memory. One or more acoustic receivers (Ri-R3)in the tool 400 are utilized to 
detect acoustic signals reflected by the formations or faults responsive to the 
acoustic energy transmitted by the drill bit 412. The detected signals are 
processed downhole or at the surface during drilling, utilizing the drill bit signal 

5 signature, to determine parameter of interest, such as the acoustic velocity and 
the travel time or equivalently. the distance between the drill bit 412 and 
subsurface reflection points, such as the bed boundary 405a or 405b, formation 
contrasts, or other faults. It will be obvious from the above description that the 
drill bit may be utilized in place of or in addition to one of the other transmitters to 

0 provide additional information. 

The drill bit provides a source at the deepest point in the wellbore 405. It 
induces acoustic energy radially around the borehole (as shown by lines 413a) 
and in all other directions, including in the drilling direction (as shown by lines 

5 413b). Any acoustic energy 413b' reflected back to the receivers in the tool 400 
by reflection points, such as 415, downhole from the drill bit 412 can be 
processed to determine the location of such reflection points relative to the drill 
bit, thereby enabling the operator to look ahead about certain formation 
conditions. Additionally, acoustic sensors may be placed at the surface to detect 

0 signals generated by the drill bit and from subsurface reflectors in response 
thereto. Such detected signals can be processed to obtain seismic information 
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about subsurface formations, which can be used to generate seismic maps or to 
update existing informatioa 



In some applications, it may t)e preferred to utilize the resistivity 
5 measurements described earlier, which can look ahead for a relatively short 
distance, in con^nction with the sonic look-^head measurements to obtain t>etter 
definition of bed boundaries and water/oil separation ahead of the drill bit. This 
combined information is then used to steer the tool 400 to drill the borehole along 
the desired path. 

10 

Thus, the acoustic system of RG. 7 includes one acoustic sensor 
arrangement (Ti, and R2) for determining the acoustic velocity of the formation 
40S surrounding the tool 400, a second acoustic sensor arrangement (Ti. Ri and 
R2) for determining the first bed boundary information (such as the acoustic travel 

15 time an/or the distance), and a third acoustic arrangement (T2, Rj and R2) for 
determining the second bed txjundary information, independent of the first bed 
boundary information. It should be noted that the acoustic sensor arrangement 
defined by the drill bit 412 as the transmitter and an appropriate number of 
receivers may be utilized in determining the acoustic velocities and/or the bed 

20 boundary information. 

The information obtained from the acoustic tool 400 described above may 
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be utilized to corroborate and/or update seismic data, borehole profile data 
stored In the tool 400 or at the surface by transmitting such information to the 
surface via a suitable telemetry associated with the drilling assembly 400. A 
downhole-controllable steering device (not shown) may be included in the tool as 
5 described in reference to FIG. 1. The control system in the tool 400 may include 
one or more processors which preferably utilize specific expert system 
algorithms, to generate specific steering instructions and cause the steering 
device to drill the borehole along a desired drill path. Alternatively, the tool 410 
may transmit signals and data to the surface for use by an operator for system 
1 0 management or for transmittal to reservoir engineers located at great distances 
from the drilling site, for ultimate reservoir penetration. Such information is 
especially useful for highly deviated, horizontal and complex boreholes. 

FIG. 8 is a functional block diagram of a signal processing circuit 450 for 
15 use in the acoustic sensor system of the present invention. As an example, the 
processing circuit 450 in FIG, 8 is shown to contain two transmitters 452a and 
452b and a plurality of receivers Ri-R„ (collectively denoted by numeral 456). 
The processing circuit 450 contains a controller 470 (microprocessor or 
microcontroller) and associated memory 472, which may be composed of one or 
20 several memory types or units. Programmed instructions for the controller 470 
for controlling the operation of the acoustic systems of the present invention as 
previously described are stored in the memory 472. Any other information, such 
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as the desired borehole profile, seismic data or models, look-up tables, 
algorithms, etc. required for use by the controller is preferably stored in the 
memory 472. The controller 470 Interfaces (sends and receives data and 
signals) with systems at the surface via a downhole telemetry system 474. 

5 

Each of the transmitters 452a and 452b are adapted to transmit acoustic 
signals at a frequency selected from a range of frequency and/or to sweep a 
desired range of frequency. An amplifier 454a coupled to the antenna 452a 
generates the desired signal to be transmitted by the transmitter 452a and an 

10 amplifier 454b for the transmitter 452b. During operations, the controller 474 
causes the transmitters to generate the desired signals at the desired times 
according to programmed instructions. The receivers Ri-R, detect the acoustic 
signals. A signal conditioner 458 receives the signals detected by the receivers 
Ri-R«, conditions such signals and passes the conditioned signals to an analog- 

1 5 to-digital converter (ADC) 460, which converts the conditioned signals to digital 
signals. The signal conditioner 458 may be composed of separate signal 
conditioners for each of the receivers Ri-Rn- The digital signals from the ADC 
are passed to a digital signal processor (DSP) 480, which processes such 
signals in response to the control instructions fiom the controller 470. Any 

20 suitable commercially available DSP and controller may be utilized for the 
purpose of this invention. The controller can be programmed to perform any 
number of tasks or operations. The controller 470 may be programmed to 
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compute and/or determine the desired operating parameters, compare the drilling 
assembly position with the desired borehole profile, update seismic models 
stored downhole, cause the steering device to alter the drilling direction, 
determine the bed boundary information, compute formation velocities, compute 
5 sonic logs during drilling of the wellbore, store and/or transmit such information to 
the surface via the telemetry 474, etc., etc. The controller 470 may receive 
instructions or commands from the surface via the telemetry 474 to perform 
certain tasks and it may be programmed to transmit any information uphole via 
the telemetry 474. 

10 

FIGS. 9 and 10 illustrate determination of the acoustic velocities of the 
formations along the borehole and the computation of corresponding sonic logs, 
during drilling of the t)orehole. Referring to FIG. 9, as the drilling progresses, the 
acoustic system 500 in the drill string 502 determines the acoustic velocities of 

15 the formations, such as acoustic velodty Va1 for the formation I, acoustic velocity 
Va2 for the formation II, acoustic velocity Va3 for the formation III, in the manner 
desaibed earlier. The acoustic velocities are depth correlated by the processing 
system in the downhole tool utilizing any known method to obtain accurate 
measure of the acoustic velocity corresponding to each of the formations and to 

20 delineate formation change. Resistivity measurements can be utilized to 
corroborate the change in fonnation. Since the actual acoustic velocities are 
measured as the drilling is progressing, such velocities can be used substantially 
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in real time to aid in detenmining other parameters of interest during drilling of the 
wellbore. Such acoustic velocities can be utilized to update the seismic models, 
reservoir analysis, bed boundary information, while drilling. 

5 FIG. 10 shows an example of a synthetic sonic log a 550 as a function of 

the borehole depth shown along the vertical direction. The acoustic system 
descrit>ed above measures the acoustic velocities and determines the sonic log 
while drilling. The log can be stored in the downhole tool and/or transmitted 
uphole while drilling for use at the surface by the driller or a log analyst. 

10 

As described earlier, the acoustic measurements according to the present 
invention provide bed boundary information around the borehole being drilled. 
The acoustic system provides substantially deeper depth of Investigation 
compared to the resistivity techniques. The downhole computer or controller is 

15 programmed to compute and map ttie bed boundary around the downhole 
assembly. Such information can be utilized by the driller to continually steer the 
drill bit along the desired direction. The bed boundary information enables the 
driller to maintain the drill bit at a desired distance from the bed tx)undary. It 
enables the driller to avoid penetrating undeslred formations, vt/hich sometimes 

20 can require the driller to retrieve the drill string from the borehole and/or make 
other corrective adjustments, which are time consuming and produce wellbores 
having dogleg severities. The downhole assembly also may include a device for 

40 
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providing resistivity measurements of the formations, such as described in the 
U.S. Patent No. 5.325.714 to Lende. Such measurements can be used in 
conjunction with the acoustic measurements to further improve the steering of the 
drill bit along the desired drill path. 

5 

The downhole subassembly of the present invention may be adapted to 
include downhole devices which may be activated by the downhole computing 
system to continuously locate the wellbore at optimum location within the 
formation. United States Patent Application serial No. 08/544,422 by Knjger et 
1 0 al, discloses a closed loop system for steering the drill string by without retrieving 
the drill downhole subassembly, which is incorporated herein by reference. The 
present invention may be adapted to utilize such a steering system. 

The present invention also utilizes the acoustic sensor data in 
15 combination with the directional data to build or map a three dimensional picture 
of the reflecting surfaces (bed boundaries) after a certain amount of data has 
been collected during the drilling process. The distance between the downhole 
assembly and the reflector is computed by the downhole computing system for a 
known tool face (reference angle in the plane perpendicular to the drill string). 
2 0 Such data is correlated by the downhole computing system 150 with the azimuth 
and inclination of the downhole subassembly. This enables the system to build a 
point-by-point absolute three dimensional coordinates of the reflector. In this 
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method, the level of uncertainty decreases as the accuracy of the estimation 
increases when a sufficiently large number of points have been calculated. 

The foregoing description is directed to particular mbodiments of the 
5 present invention for the purpose of illustration and explanation, it will be 
apparent, however, to one skilled in the art that many modifications and changes 
to the embodiment set forth above are possible without departing from the scope 
and the spirit of the invention. It is intended that the following claims be 
interpreted to embrace all such modifications and changes. 
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WHAT IS CLAIMED IS: 

1 . A downhole tool for use in drilling of a wellbore, comprising: 

(a) a transmitter for transmitting acoustic signals in the wellbore during 
drilling of the wellbore; 
5 (b) a receiver for detecting signals transmitted by the transmitter; and 

(c) a processing circuit for processing signals detected by the receiver 
and determining therefrom (i) acoustic velocity of a subsurface 
fonmation and (ii) travel time of the acoustic signal between the 
downhole tool and a subsurface reflection point based at least 
1 0 partially on said acoustic velocity. 



2. The downhole tool according to claim 1, wherein the receiver includes a 
far receiver which is utilized for determining said acoustic velocity. 

15 3. The downhole tool according to claim 2, wherein the far receiver includes 
a plurality of spaced apart acoustic sensors, each such sensor for detecting 
transmitted acoustic signals traveling along the wellbore. 

4. The downhole tool according to claim 3, wherein at least one acoustic 
2 0 sensor in the plurality of sensors is utilized for detenmining the travel time. 

5. The downhole tool according to claim 3, wherein each acoustic sensor 
contains a plurality of individual sensors circumferentially disposed around the 
downhole tool. 

25 
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6. The downhole tool according to claim 2, wherein the receiver includes a 
near receiver which is utilized for determining the travel time. 

7. The dowr*K)le tool according to claim 1, wherein the near receiver 
5 includes at least two acoustic sensors symmetrically disposed about the 

transmitter in the downhole tool for redudng the effect on the receiver of signals 
other than the acoustic signals reflected from the reflection point 

8. The downhole tool according to claim 1 further having an isolator between 
10 the transmitter and the near receiver for reducing the effect of acoustic waves 

traveling in the downhole tool. 

9. The downhole tool according to claim 1, v^rtierein the near receiver 
includes a plurality of axially spaced acoustic sensors along the downhole tool. 

15 

1 0. The downhole tool according to claim 1 , wherein the receiver comprises: 

(i) a far receiver having least one acoustic sensors along the 
downhole tool; and 

(ii) a near receiver containing a plurality of axially spaced acoustic 
2 0 sensors along the downhole tool. 

11. The downhole tool according to claim 10. wherein the distance between 
the transmitter and a reference point of the far receiver is greater than the 
distance between the transmitter a reference point the near receiver. 

25 
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12. A downhole tool for use in drilling of a wellbore, comprising: 

(a) a first acoustic sensor arrangement disposed in the downhole tool 
for determining acoustic velocity of a formation around the welltx)re 
during drilling of the wellbore; and 
5 (b) a second acoustic sensor arrangement disposed in the downhole 

tool for measuring acoustic travel time between the downhole tool 
and a subsurface reflection point as a function of the determined 
acoustic velocity. 

10 13. The downhole tool according to claim 12, wherein the first acoustic sensor 
arrangement contains a transmitter and a receiver and the second acoustic 
sensor arrangement contains a plurality of receivers and a transmitter. 

14. The downhole tool according to claim 13, wherein the transmitter in the 
1 5 first and second acoustic sensor arrangements is a common transmitter 

15. The downhole tool according to claim 12, wherein the distance between 
the transmitter and the receiver in the first acoustic sensor arrangement is 
substantially less than the distance between the transmitter and receiver in the 

2 0 second acoustic sensor arrangement. 

16. The downhole tool according to claim 15, wherein the distance between 
the transmitter and the receiver in the first acoustic sensor arrangement is less 
than one meter and the distance between the transmitter and receivers in the 

2 5 second acoustic sensor an^angement is less than 4.0 meters. 
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17. The downhole tool according to claim 12, wherein the second acoustic 
sensor arrangement includes two acoustic s nsors symmetrically disposed about 
the transmitter of the second acoustic arrangement. 

5 

18. The downhole tool according to claim 17 further comprising an acoustic 
isolator disposed between the transmitter of the second acoustic arrarigement 
and each of the two symmetrically disposed acoustic sensors for reducing the 
effect of body waves. 

10 

1 9. The downhole tool according to claim 1 7, wherein one of the two acoustic 
sensors acts as the receiver of the first acoustic arrangement. 

20. The downhole tool according to claim 13, wherein the transmitter of the first 
15 acoustic arrangement is adapted to operate at a first predetermined 

frequency and the transmitter of the second acoustic sensor arrangement is 
adapted to operate at a second frequency that is lower than the first 
frequency. 

20 21 . The downhole tool according to claim 14, wherein the common transmitter 
is adapted to operate at a first predetermined frequency for determining the 
acoustic velocity of a formation and at a second predetermined frequency for 
determining the acoustic fravel time between the downhole tool and a subsurface 
reflection point. 

25 
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22. The downhole tool according to claim 12 further having a device for 
determining porosity of the formation around the downhole tool during drilling of 
the wellbore. 

5 23. The downhole tool according to claim 22 further having a device for 
detenmining density of the formation around the downhole tool during drilling of 
the wellbore. 

24. The downhole tool according to claim 12, wherein the receiver in the first 
10 and second acoustic sensor arrangements is a common array having a plurality 

of axially spaced acoustic sensors. 

25. The downhole tool according to claim 24, wherein the receiver in the first 
and second acoustic sensor arrangements is a common array of a plurality of 

1 5 axially spaced acoustic sensors. 

26. The downhole tool according to claim 25, wherein the transmitters in the 
first and second acoustic sensor arrangements are disposed on either side of the 
array, with the distance between the transmitter of the first acoustic sensor 

20 arrangement and a center of the array being less than the distance between the 
transmitter of the second acoustic sensor arrangement and a selected sensor in 
the array. 

27. The downhole tool according to claim 12, further comprising a computing 
25 system for receiving signals from the first and second acoustic sensor 
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arrangements and in response thereto determining tocation of a formation 
boundary relative to tlie downhole tool. 

28. The downhole tool according to claim 12, wherein the computing system 
5 first determines the acoustic velocities and then utilizes such computed velocities 

to determine the bed boundaries. 

29. The downhole tool according to claim 12, wherein the computing system 
contains a computer and an associated a memory. 

10 

30. The downhole tool according to claim 29, wherein the computing system 
contains determines computes a three dimensional map of the bed boundaries of 
the formation around the downhole tool. 

15 31. The downhole tool according to claim 12, wherein the computing system 
contains a predetermined wellbore profile. 

32. The downhole tool according to claim 12, wherein the computing system 
updates the wellbore profile based on the bed boundary information. 

33. A drilling assembly for use in drilling of a wellbore, comprising: 

(a) a drill bit at an end of the drilling assembly for drilling the wellbore; 

(b) an acoustic device having a transmitter for transmitting acoustic 
signals in the wellbore during drilling of the wellbore and a receiver 
for detecting signals transmitted by the transmitter, said acoustic 
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device determining from the detects signals (1) acoustic velocity of 
a subsurface formation and (ii) a travel time of the acoustic signal 
between the downhole tool and a subsurface reflection point based 
at least partially on said acoustic velocity; and 
5 (c) a steering device disposed in the drilling assembly for altering 

direction of drilling the wellbore by the drill bit. 

34. The drilling assembly according to claim 33, wherein the steering device 
includes a plurality of independently controllable members, each said member 

1 0 adapted to extend outwardly from the drilling assembly. 

35. The drilling assembly according to claim 33 further comprising a drilling 
motor disposed between the drill bit and the acoustic device for rotating the drill 
bit when a pressurized fluid is passed through the drilling motor. 

15 

36. The drilling assembly according to claim 35, wherein the steering device 
is disposed between the drill bit and the mud motor. 

37. The bottomhole assembly according to claim 33 further comprising a 
2 0 resistivity device for detemnining the presence of hydrocarbon bearing formations 

during drilling of the wellbore. 

38. The bottomhole assembly according to claim 33 further comprising a 
nuclear device for determining nuclear porosity of the formation around the 

2 5 drilling assembly during drilling of the wellbore. 
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39. The drilling assembly according to claim 38 further comprising a device 
for determining density of the formation around the drilling tool during drilling of 
the welltxjre. 

5 

40. The drilling assembly according to claim 33 further comprising a 
processing system associated with the drilling assembly for processing signals 
from the receiver for determining said acoustic velocity and said travel time 
utilizing said acoustic velodty. 

10 

41. The drilling assembly according to claim 40, wherein the processing 
system: 

(i) includes a well profile; 

(ii) determines the position of the drilling assembly relative to the well 
15 profile; arKi 

(iii) generates a signal representative of a difference between the welt 
profile and the drilling assembly position. 

42 The drilling assembly according to claim 41. wherein the processing 
20 system causes the steering device to alter the drilling direction in 

response to the generated signal so as to maintain drilling of the wellbore 
along the wellbore profile. 

43. The drilling assembly according to claim 40. wherein the processing 
25 system determines a ttiree dimensional map of the t>ed t)oundaries of the 
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formation around the downhole tool. 

44. The drilling assembly according to claim 40 further having a wellbore 
profile stored in a memory in the drilling assembly. 

5 

45. The drilling assembly according to claim 41, wherein the processing 
system determines the location of the drilling assembly in relation to a boundary 
of the formation surrounding the drilling assembly. 

10 46, The drilling assembly according to claim 45, wherein the processing 
system updates the wellbore profile based on the bed boundary information. 

47. Tne drilling assembly according to claim 40, wherein the computing 
system determines a three dimensional map of the bed boundaries of the 

15 formation around the downhole tool from the processing of the signals from the 
first and second acoustic sensor arrangements. 

48. Tne drilling assembly according to claim 40 further comprising a sensor 
disposed in the drilling assembly near the drill bit for determining characteristics 

20 of acoustic signals transmitted by the drill bit during drilling of the welltxDre. 

49. The drilling assembly according to claim 48, wherein the processing 
system receives signals from at least one receiver in the acoustic device that are 
responsive to acoustic signals transmitted by the drill bit during drilling of the 

2 5 welltx)re and processes such received signals based on the characteristics of the 
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acoustic signals transmitted by the drill bit to (a) determine the position of the 
drilling assembly relative to a subsurface formation boundary, (b) update a 
wellbore profile provided to the drilling assembly or (c) obtain a seismograph of 
the subsurface formations surrounding the drilling assembly. 

5 

50. The drilling assembly according to claim 40. wherein the computing 
system contains a microprocessor and an associated a memory. 

51 . A downhole tool for use in drilling of a wellbore. comprising: 

10 (a) an acoustic transmitter disposed in the downhole tool for 

transmitting acoustic signals into a formation surrounding the 
wellbore during drilling of the wellbore; and 
(b) a pair of acoustic receivers symmetrically disposed about the 
transmitter for detecting acoustic signals reflected by a subsurface 

1 5 reflection point as a result of the transmitted signals, wlierein said 

symmetric disposition reducing the effect of acoustic signals other 
than the acoustic signals reflected by the subsurface reflection 
point on the pair of the acoustic receivers. 

20 52. The downhole tool according to daim 51 further comprising a processing 
system, said processing system receiving signals from each of the receivers and 
combining said receiv^J signals to detemnine the travel time. 
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53. The downhole tool according to claim 52, wherein the processing circuit is 
adapted to cause the transmitter to operate at a frequency selected from a range 
of frequencies. 

5 54. The downhole tool according to claim 53, wherein the processing system 
is adapted to cause the transmitter to operate at a frequency selected from a 
range of frequencies. 

10 55. The downhole tool according to claim 51 further comprising an acoustic 
isolator disposed between the transmitter and each of the acoustic receivers for 
reducing the effect of acoustic signals transmitted by the transmitter that travel 
through the downhole tool. 

1 5 56. A downhole tool for use in drilling of a wellbore, comprising: 



(a) a first acoustic sensor arrangement having a transmitter and an 



acoustic receiver disposed in the downhole tool for providing 
signals indicative of acoustic velocity of a formation surrounding 



the wellbore; 



20 



(b) a second acoustic sensor arrangement having a transmitter 



disposed in the downhole tool and a pair acoustic receivers 



substantially symmetrically disposed about the transmitter in the 



downhole tool for providing signals indicative of a first position of 



the downhole tool relative to a subsurface bed boundary; and 



25 



(c) 



a control circuit adapted to receive signals from the first and 
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second acoustic sensor arrangements, said control detennining 



the acoustic velocity of the formation from signals received from 



the first acoustic sensor arrangement and the location of the 



downhole tool relative to the bed boundary from the signals 



5 



received from the second acoustic sensor arrangement by utilizing 



the detemnined acoustic velocity. 



57. The downhole tool according to claim 56 further comprising a third 
acoustic sensor arrangement having a transmitter and a pair of acoustic 

10 receivers disposed in the downhole tool for providing signals indicative of a 
second position of the downhole tool relative to the subsurface bed boundary. 

58. The downhole tool according to claim 57, wherein the control circuit 
utilizes the signals firom the third acoustic sensor arrangements to determine a 

1 5 second position of the downhole tool relative to the subsurface bed boundary. 

59. The downhole tool according to claim 58, wherein the control circuit 
determines dip of the subsurface formation l>ed boundary from the first and 
second positions of the downhole tool. 



60. A method of drilling a borehole utilizing a downhole tool having a first and 
second acoustic sensor arrangements and a computing system for 
computing measurerr^nts downhole during drilling of the borehole, 
comprising: 



20 



25 



(a) conveying the downhole tool in the borehole; 
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(b) determining downhole by the computing system velocity of 
acoustic signals through formations penetrated by the borehole 
utilizing measurements made from the first acoustic sensor 
arrangement; and 

5 (c) determining downhole by the computing system location of bed 

boundaries of the formations surrounding the borehole from 
measurements of the second acoustic sensor an-angement and the 
determined acoustic velocities in accordance with programmed 
instructions provided to the computing system. 



10 



61 . The method according to claim 60 further comprising adjusting the drilling 
direction based on the location of the downhole assembly in relation to the 
formation bed boundaries. 



1 5 62. A drilling assembly for use in drilling of a wellbore, comprising: 

(a) a drill bit at an end of the drilling assembly for drilling the wellbore; 

(b) a mud motor disposed In the downhole too) for rotating the drill bit 
upon when a pressurized fluid is passed through the mud motor; 

(c) a acoustic measurement-while^lriliing ("MWD") device having a: 

2 0 (i) a first acoustic sensor arrangement disposed in the 

downhole tool for providing signals indicative of acoustic 
velocity of a formation around the wellbore during drilling of 
the wellbore; 

(ii) a second acoustic sensor arrangement disposed in the 
25 downhole tool for providing signals indicative of acoustic 
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travel time between the drilling assembly and a subsurface 
reflection point as a function of the determined acoustic 
velocity; and 

(d) a computing system disposed in the drilling assembly for 
5 processing signals from the first and second acoustic sensor 

arrangements for determining the location of the drilling assembly 
in relation to the reflection point during drilling of the wellbore. 
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